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V4  =0,  v4  = 2)  = 1.  3 X 10^^  cm’/fmole  sec)  and  k{vj  = 1,  V2;  vj  =0,  Vo  = V2  + 
If  = ( 1.  6f)  ^“^2  k(  1,  1;0, 2)  at  300  K.  These  v -♦  v processes  correspond  to  near- 
resoneint  vibration-to- vibration  (v -•  v)  intermolecular  energy  transfer.  The 
V -•  R energy-transfer  processes  occur  by  converting  multiple  quanta  of 
vibrational  energy  of  a vibrationally  excited  DF  molecule  into  rotational  energy 
of  the  same  molecule.  This  process  corresponds  to  nonresonant  v -*  R 
intramolecular  energy  transfer.  These  multiquantum  v -»  R transitions  provide 
more  ways  to  distribute  the  vibrational  energy  of  the  vibrationally  excited  DF 
molecule  into  rotational  energy  and  thereby  populate  its  high  rotational  states. 
The  high  rotational  quantum  states  are  quickly  relcuced  by  R -•  v processes  and 
by  fast  V -•  R processes  in  which  even  higher  rotational  quantum  states  are 
produced.  The  high  rotational  quantum  states  are  relaxed  slowly  by  R-*(R',  T) 
processes. 
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SUMMARY 


This  trajectory  study  predicts  that, in  DF(Vj)  + DF(v2)  collisions,  v -►  v 
processes  occur  by  intermolecular  energy  exchange  with  single -quantum  v 
transitions,  aind  v -*  R processes  occur  by  intramolecular  energy -transfer 
mechanisms  with  multiquantum  v transitions.  The  v v rate  coefficients  de- 
crease with  increasing  v.  The  v -►  v processes  are  in  near-resonance  with 
energy  defects  of  less  than  100  cm  In  v -♦  R processes,  which  are  nonreso- 
nant energy -transfer  processes,  several  quanta  of  vibrational  energy  of  DF(v) 
are  converted  into  rotational  energy  of  the  same  molecule.  This  study  pre- 
dicts that  V -*■  V up -pumping,  coupled  with  v -*■  R deactivation  with  large  AJ 
changes,  provides  the  mechanisms  to  produce  high  J-states  in  DF  chemical 
lasers.  Both  R -*  R^  and  R -♦  T transfer  processes  occur  in  rotational  deacti- 
vation of  rotationally  excited  DF  molecules.  This  study  predicted  that  the 
probability  of  rotational  deactivation  decreases  with  increasing  rotational 
quantum  number  J and  that  single  rotational  quantum  transitions ' at'fe  .mtjch 
more  probable  at  high  J-values  than  are  the  multiple  rotational,  quantum  tran- 
sitions. This  study  indicates  that  DF  dimers  do  not  have  to  be  formed  to  ex- 
plain the  fast  V -*•  R self -relaxation  rates  reported  experimentally,-.  In  this 
paper,  rate  coefficients  are  provided  for  v -♦  v,  v -*  R,  and  R *♦  (R^  T)  energy- 
transfer  processes;  when  employed  in  a rotational  nonequilibrium  computer 
program,  these  rate  coefficients  can  be  used  to  calculate  v R rates  that  can 
be  compared  directly  with  experimental  results,  when  available.  These  rate 
coefficients  were  used  to  calculate  vibrational  self-relaxation  quenching  rates 
for  DF(vj  = 1)  and  HF(Vj  = 1).  The  results  were  found  to  be  in  good  agreement 
with  available  experimental  data. 
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I,  INTRODUCTION 


Measurements  of  rate  coefficients  for  energy-transfer  and  deactivation 
processes  in  DF(vj)  + DF(v2  = 0)  collisions  have  not  been  reported  in  the 
literature  for  v^  > 2.  The  rate  coefficient  for  v -*■  v energy  transfer  in 
DF(vj  = 2)  + DF(v2  = 0)  collisions  has  been  measured  at  temperatures  between 

295  and  720  K by  means  of  the  shock-tube  laser-induced  fluorescence  tech- 

1 2 
nique  and  at  300  K by  means  of  the  laser-induced  fluorescence  technique. 

For  the  most  part,  experimental  measurements  for  DF(v^)  + DF(v2)  systems 
have  been  concerned  only  with  the  temperature-dependent  quenching- rate 
coefficient  for  deactivation  of  DF(vj  = 1)  by  DF(v2  ~ a v -«•  (R,  T)  energy- 

transfer  process.  The  experimental  techniques  used  to  measure  rate  coeffi- 
cients for  vibrational  relaxation  from  the  upper  vibrational  levels  of  HF  are 

much  more  difficult  to  apply  to  DF  for  several  reasons,  which  have  been  dis- 

3 4 

cussed  adequately  by  Smith  and  Kwok.  There  is  a definite  need  for  both 

V-  and  temperature-dependent  rate  coefficients  for  the  energy-transfer  and 

deactivation  processes  that  occur  from  the  higher  vibrational  levels  in 

5 

DF(v^)  + DF{v2)  collisions.  In  a previous  paper,  we  discussed  the  important 
energy-transfer  and  deactivation  processes  that  occur  in  HF(v^)  + HF(v2) 
collisions.  A three-dimensional  trajectory  study  was  used  to  determine 
temperature-dependent  rate  coefficients  for  the  important  mechanisms  that 
occur  in  HF(v^)  + HF(v2)  systems.  From  that  study,  the  following  conclu- 
sions were  drawn: 

1.  The  V -►  V processes  in  HF  + HF  collisions  occur  by  inter- 
molecular  energy  exchange.  The  most  probable  paths  for  this 
V -*•  V exchange  involve  single  vibrational  quantum  transitions. 

2.  The  rate  coefficients  for  v -*  v processes  decrease  with  increasing 
V,  and  most  such  processes  are  in  near-resonance  with  energy 
defects  of  less  than  100  cm 
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3.  The  V -►  R processes  occur  by  intramolecular  energy-transfer 
mechanisms.  The  vibrationally  excited  HF  molecule  converts 
one  or  more  quanta  of  its  vibrational  energy  into  rotational 
energy,  thereby  populating  its  high  rotational  states. 

4.  The  probability  of  rotational  de-excitation  decreases  with  in- 
creasing rotational  quantum  numbers  J.  At  high  J,  AJ  = ±1 
rotational  transitions  are  much  more  probable  than  multiple 
rotational  quantum  trani;itions. 

?.  HF  dimers  do  not  have  to  be  formed  at  room  temperature  or 

above  to  explain  the  fast  v -»  R self- relaxation  rates  measured 
by  various  experimental  techniques. 

A trajectory  study  was  undertaken  to  verify  that  the  conclusions  reached 
for  the  mechanisms  of  energy  transfer  in  HF{v^)  + HF(v2)  collisions  are 
equally  applicable  to  DF(v^)  + DF(v2)  ‘collisions  and  to  determine  the 
temperature-dependent  rate  coefficients  for  v v and  v -*  (R,  T)  and 
R -►  (R' , T)  energy-transfer  processes  in  DF(v^ )+  DF(v2)  collisions.  The 
V — (R,  T)  and  R — (R'T)  rate  coefficients  provided  in  this  paper  are  used  to 
calculate  temperature-dependent  quenching -rate  coefficients  for  vibrational 
deactivation  of  DF(v  =1)  by  DF.  In  Section  II,  the  semiempirical  treatment 
of  the  potential  energy  surface  for  DF-DF  collisions  is  briefly  reviewed.  In 
Section  HI,  the  classical  trajectory  calculations  are  discussed.  Results  and 
discussions  of  this  study  are  given  in  Section  IV. 
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II.  POTENTIAL  ENERGY  SURFACE 

The  potential  energy  surface  employed  here  for  DF-DF  interactions  is 
constructed  from  two  functions:  a London-Eyring-Polanyi-Sato  (LEPS) 
potential  energy  function  for  the  short-range  interactions  and  a point  charge, 
dipole-dipole  potential  function  for  the  long-range  interactions  between  the 
four  atoms.  The  method  of  constructing  this  surface  has  been  described 

5 

previously  for  HF{Vj)  + HFCv^)  interactions  and,  therefore,  will  not  be  re- 
peated here.  The  resulting  semiempirical  surface  for  HF  + HF  collisions 

compared  favorably  with  ab  initio  SCF  calculations  reported  by  Yarkony  et  al. 

7 

and  with  results  of  the  electron  gas  method  used  by  Parker,  Snow,  and  Pack 
to  calculate  intermolecular  potentials  between  closed- shell  systems.  The 
method  used  to  construct  this  potential-energy  surface  produces  enough  of  the 
attractive  well  in  DF(v^)  + DF(v2)  collisions  to  provide  a valid  calculation  of 


the  enerffv-transfer  and  deactivation  processes  that  occur  in  deuterium 


7i 


III.  CLASSICAL  TRAJECTORY  CALCULATIONS 

g 

The  quasi-classical  procedure  described  by  Raff  et  al.  was  used  to 
examine  the  collision  dynamics  of  diatomic -diatomic  energy-transfer 
processes.  The  Hamiltonian  that  describes  the  four-particle  system  is  writ- 
ten in  generalized  coordinates,  and  the  resulting  set  of  18  Hamiltonian  equa- 
tions is  integrated  on  a CDC  7600  computer.  The  initial  vibrational  states  of 
DF(v^,  J^)  and  DFCv^,  J2)  were  assigned  the  vibrational  quantum  numbers  v^ 
and  v^,  respectively.  Calculations  were  made  with  values  of  v^  and  v^  that 
varied  from  0 through  6.  The  rotational  quantum  numbers  Jj  and  J2  were 
Monte-Carlo  selected  for  the  calculations  involving  v -«•  v and  v -►  R energy- 
transfer  processes.  For  R -»■  (R',  T)  energy-transfer  processes,  the  rota- 
tional quantum  number  was  assigned,  and  the  rotational  quantum  number 
was  Monte-Carlo  selected.  The  initial  values  of  the  coordinates  in  each 
collision  are  determined  by  means  of  a fixed  relative  translational  energy  of 
the  reactants,  a chosen  initial  relative  separation  between  the  centers  of 
mass  of  the  diatomic  molecules;  chosen  values  of  the  vibrational  quantum 
numbers  v^  and  v^;  and  randomly  selected  values  of  the  rotational  quantum 
numbers  and  J^,  the  impact  parameter,  the  vibrational  phase  angles  of 
both  molecules,  two  sets  of  orientational  angles,  and  the  rotational  planes  of 
both  molecules.  Averaging  over  initial  internal  states  of  DF(v^,  J^)  and 
DF(vy,  J~)  was  carried  out  by  the  technique  described  by  Porter,  Raff,  and 
Miller,  For  excited  vibrational  states,  the  calculation  of  the  initial  values 
of  the  momenta  Pj^(i  =1,  . . . , 9)  is  more  difficult,  since  the  initial  amplitudes 
of  both  molecules  are  no  longer  the  classical  turning  points,  and  the  internal 
momentum  vectors  are  no  longer  perpendicular  to  the  bond  axis.  For  this 
case,  a method  based  on  Euler  angles  was  used  that  was  adequately  described 

g 

by  Raff  et  al.  The  distance  R between  the  center  of  mass  of  the  two  DF 
molecules  was  taken  to  be  8 a,  u.  This  value  is  large  enough  to  ensure  a 
negligible  initial  interaction  energy.  Relative  translational  energies  were 
assigned  values  that  ranged  from  0.  5 to  6 kcal/mole.  Approximately  200 


trajectories  were  run  for  each  initial  set  of  parameters.  A uniform 
distribution  was  used  for  the  square  of  the  impact  parameter  b.  All  runs 

O 

were  made  with  a maximum  impact  parameter  of  2.  5 A,  The  step  size  was 
5.  7 X 10"^^  sec.  The  integration  technique  by  Emanuel,  which  has  not 
been  reported  in  the  literature,  proved  to  be  faster  than  the  Runge-Kutta-Gill 
procedure, with  the  accuracy  of  the  integration  tested  by  changes  in  the 
step  size  and  by  integration  backward  along  selected  trajectories.  As  an 
additional  verification  of  numerical  accuracy,  each  trajectory  was  checked 
at  each  point  along  the  trajectory  for  conservation  of  total  energy  and  total 
angular  momentum.  Computation  time  for  a single  trajectory  was  dependent 
on  the  initial  parameters  but  was,  on  the  average,  about  6 sec/trajectory  on 
the  CDC  7600  computer. 

The  final  properties  of  each  trajectory  were  analyzed  to  determine  the 

nature  of  the  collision,  i.  e. , the  total  angular  momentum  and  vibrational- 

rotational  energy  of  both  DF  molecules.  The  partition  of  the  internal  energy 

between  vibrational  and  rotational  energy  was  determined  from  the  internal 

energy  of  each  DF  molecule  and  its  total  angular  momentum.  The  actual 

technique  for  calculating  the  partitioning  of  the  internal  energy  has  been 

described  previously^  ^ and  is  not  repeated  here.  The  v -*  v energy-transfer 

cross  sections  were  calculated  by  Method  2,  described  previously  by  Wilkins.^ 

In  Method  2,  it  is  assumed  that  vibrational  energy  is  transferred  in  every 

collision  and  that  only  one  quantum  state  is  accessible  in  the  transfer  process. 

The  energy-transfer  cross  sections  and  specific  rate  coefficients  were  cal- 

13 

ciliated  by  means  of  the  equations  given  by  Karplus,  Porter,  and  Sharma. 


IV.  RESULTS  AND  DISCUSSION 


A.  VIBRATIONAL-TO-ROTATIONAL  ENERGY  TRANSFER 

^ 

In  HF-HF  collisions,  a recent  trajectory  study  by  Wilkins  concluded 

that  the  v -►  v processes  occur  by  intermolecular  energy  exchange  and  the 
V -►  R processes  by  intramolecular  energy  exchange.  Wilkins  concluded  that 
HF  dimer  formation  is  not  required  to  explain  the  vibrational  relaxation  of 
HF(v  = 1)  by  HF(v  =0).  This  trajectory  calculation  also  indicates  that  a col- 
lision complex  is  not  formed  for  the  typical  DF-DF  collision  in  the  tempera- 
ture range  at  or  above  300  K.  This  trajectory  calculation  shows  that,  in 
DF*-DF  collisions,  the  vibrational  energy  of  the  vibrationally  excited  DF 

molecule  (DF*)  is  transferred  into  rotational  energy  of  the  same  DF*  mole- 

5 

cule.  A similar  result  was  reported  for  HF*-HF  collisions.  Specific  v -►  R 
rate  coefficients  for  DF-DF  collisions  at  300  K are  given  in  Tables  I through 
III.  The  qualitative  results  of  these  v ->  R processes  are  as  follows: 

1.  One  or  more  quanta  of  vibrational  energy  of  the  incident  DF(v^,  J^) 
molecule  is  transferred  into  rotational  energy  of  the  same  DF 
molecule.  There  is  little  change  in  the  internal  energy  state  of 
the  target  DF(v2  = 0,  J^)  molecule. 

2.  In  V -*  R processes  involving  DF-DF  collisions,  high  rotational 
states  of  the  incident  DF(vj,  J^)  molecule  are  populated  with  the 
energy  change  across  the  reaction  having  a smaller  energy 
defect  than  would  have  been  predicted  if  both  reagent  and  product 
DF  species  were  assumed  rotationless. 

3.  Since  the  v -*  R processes  occur  by  conversion  of  multiple  quanta 
of  vibrational  energy  into  rotational  energy,  the  DF(v  = 0)  species 
can  be  formed  in  very  high  rotational  states. 

Since  the  rotational  energy  of  DF  at  any  value  of  J is  slightly  higher  than 
one-half  that  of  HF,  higher  rotational  states  of  DF*  are  populated  in  DF*  col- 
lisions that  of  HF*  in  HF*-HF  collisions.  The  value  of  J,  however,  will  not 


TABLE  II.  Vibrational-to- rotational  detailed  rate  coefficients  for  DF(v 
+ DF(v,  = 0)  collisions  at  T = 300  K 


TABLE  III.  Vibrational-to- rotational  detailed  rate  coefficients  for 
DF(Vi  =3,  J.  = 3)  + DF(v,  = 0)  collisions  at 
T = 300  K ^ 
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double,  since  a quantum  of  vibrational  energy  for  DF  is  slightly  less  than 
7 5%  that  of  a quantum  of  vibrational  energy  for  HF.  For  example,  a loss  of  i 

I 

three  quanta  of  vibrational  energy  from  HF*  is  sufficient  to  form  an  HF(v  = 0, 

J = 24)  molecule,  with  an  energy  defect  of  125  cm  ^ (see  Ref.  5).  In  DF*-DF  i 

collisions,  a loss  of  three  quanta  of  vibrational  energy  from  DF*  is  sufficient 
to  form  a DF(v  = 0,  J = 28)  molecule  with  an  energy-defect  of  -123  cm  ^ 

(Table  III).  As  shown  in  Table  UI,  when  a DF(v  = 3)  molecule  collides  with  a 
DF(v  = 0)  molecule,  the  DF(v  =3)  molecule  can  convert  one,  two,  or  three  ] 

quanta  of  vibrational  energy  into  rotational  energy  of  the  same  DF  molecule  I 

by  way  of  an  intramolecular  energy-transfer  mechanism.  When  both  DF 
molecules  are  vibrationally  excited  (Tables  IV  and  V),  either  or  both  DF 
molecules  can  convert  one  or  more  quanta  of  vibrational  energy  of  either  or 
both  DF*  molecules  by  intramolecular  energy  transfer.  The  v -*■  R processes 
predicted  in  this  study  for  DF*-DF  collisions  and  in  a previous  study  for 

HF*-HF  collisions  can  be  used  to  explain  the  high  J-states  observed  in  the 

14  .15  ' 

pure  rotational  laser  described  by  Deutsch.  Krogh  and  Pimentel  have 

observed  stimulated  vibration- rotation  emission  from  HF  with  high  rotational 

excitation  following  flash  photolysis  of  C1F^-H2-Ar  mixtures.  Their  study 

indicated  that  the  pattern  of  emission  rules  out  direct  population  of  the  high 

J-states  by  the  vibrational  pumping  reaction(s)  and  is  not  consistent  with 

Boltzmann  equilibration.  Krogh  and  Pimentel  concluded  that  their  results 

point  to  an  energy-transfer  mechanism  that  involves  rapid  v -*  R deactivation 

with  large  AJ  change  coupled  with  v -►  v pumping  in  HF*-HF*  collisions. 

In  Tables  IV  through  VI  are  listed  detailed  rate  coefficients 
*^vi , V2,  Vf ' , V2'  3Lt  T = 300  K for  the  v ->•  R energy-transfer  processes 
DF(vj)  + DF(v2)-»  DF(vj'  ) + DF(v2'  ).  The  overall  rate  coefficients 
tabulated  in  Tables  IV  through  VI  indicate  a slight  increase  with  increasing  v. 

The  V -«•  R rate  coefficients  V2,  v^' , V2'  converted  to  probabilities 

^vi,  V2,  vj' , V2'  dividing  V2,  v^' , V2'  kinetic  rate  8.8X10^^ 

cm^/(mole  sec)  at  room  temperature. 
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TABLE  V.  Rate  coefficient  k. 
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It  can  be  calculated  from  Table  VI  that  there  is  a probability  of  0.  2 for 
most  single -quantum  transitions  and  a probability  of  0.  1 for  most  multiquantxun 
transitions  from  a given  vibrational  level  (v  > 1).  As  shown  in  Tables  IV  . 
through  VI,  there  is  an  increase  in  the  number  of  v -*  R channels  and  a de- 
crease in  the  specific  rate  coefficients  for  v -♦  R processes  with  increasing  v. 
The  multiquantum  v -*•  R energy-transfer  processes  in  DF*-DF  collisions 
are  slightly  less  probable  than  the  single -quantum  transitions.  Similar  con- 
clusions were  predicted  by  Wilkins^  for  HF*-HF  collisions.  The  overall  rate 
coefficients  presented  in  Tables  IV  through  VI  are  not  comparable  to  the 
effective  quenching -rate  coefficients  measured  in  the  laboratory.  This  study 
shows  that,  as  in  DF*-DF  collisions,  rotational  up-pumping  occurs  as  the 
vibrational  energy  of  the  DF*  molecule  is  reduced  by  deactivation. 

B.  VIBRATIONAL- TQ-VIB RATIONAL  ENERGY  TRANSFER 

^ In  Table  VII  are  tabulated  rate  coefficients  for  room-temperature  v v 

energy-transfer  processes  obtained  from  this  trajectory  study.  Rate  co- 
efficients were  calculated  for  both  the  endothermic  and  exothermic  v -♦  v 
energy-transfer  processes.  In  column  6 is  given  the  energy  mismatch  AE 
obtained  from  the  relationship  between  the  rate  coefficients  for  the  endo- 
thermic and  exothermic  processes,  i.  e. , k(exo)  = k(endo)*  exp(AE/RT).  In 
DF  + DF  collisions,  the  v -*■  v processes  are  very  much  near-resonant.  In 
column  7 is  listed  the  energy  mismatch  obtained  under  the  assumption  that 
both  reagent  and  product  DF  molecules  have  zero  rotational  energy.  This 
trajectory  study  indicates  that  rotational  states  of  reagent  and  product  DF 
species  must  be  considered  in  order  to  calculate  a realistic  energy-defect 
AE.  The  rate  coefficients  for  v -*  v exchange  decrease  with  v for  both  the 
endothermic  and  exothermic  v -*  v energy-transfer  processes.  From  this 
trajectory  study,  it  is  predicted  that  only  single -quantum  transitions  are 
important  in  the  v -*•  v intermolecular  energy-transfer  processes.  The  v- 
dependence  of  the  rate  coefficients  for  v -*■  v processes  in  the  wcc^thermic 
direction  is  given  by  k(Vj  = 1,  V2",  = 0,  v^  = V2  + 1)  = (1.  61)  k(Vj  = 1, 

V.,  = 1;  v'.  = 0,  vL  = 2)  with  v,  = 1 through  5 and  where,  at  room  temperature, 

Z 1 ^ ^ 
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TABLE  VII.  Rate  coefficients  for  vibrational-to-vibrational 
energy  transfer^  DF(v . ) + DF(v, ) -*  DF(v . - 1 ) 
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Mvi  = 1,  = 1;  V'  =0,  = 2)  = 1.  3 X 10^^  cm^/(mole  sec).  Ernst, 

Osgood,  and  Javan^  reported  1.  1 X 10^^  cm^/(mole  sec)  for  the  endothermic 
reaction  DF(vj  = 2)  + DF(vj  = 0)  - DF(v'  = 1)  + DF(v^  = 1).  This  value  com- 
pares favorably  with  our  value  k{v.  = 2,  v-  = 0,  v'  =1,  v'  = 1)  = i.  1 x 10^^ 

3 1 ^ 1 i 

cm  /{mole  sec),  which  is  given  in  Table  VII.  Bott's  room-temperature 
value  for  this  endothermic  reaction  is  approximately  15%  higher.  The  v -►  v 
rates  are  predicted  to  be  faster  in  DF(vj)  + DF(v2)  collisions  than  in 
HF(vj)  + HF(v2)  collisions.  Experimental  measurements  confirm  this  con- 
clusion. Measurements  on  the  higher  vibrational  levels  have  not  been 
reported.  Trajectory  calculations  were  completed  for  T = 300,  500,  1000, 
and  1500  K.  Analysis  of  the  detailed  rate  coefficients  indicate  a temperature 
dependence  of  T * for  both  the  v -»■  v and  v -*•  R energy-transfer  processes. 
The  slow  V — V pumping  rates  and  the  fast  v — R deactivation  rates  with  in- 
creasing V accovint  for  the  large  decrease  in  measured  HF  or  DF  species 
concentrations  observed  in  the  higher  vibrational  levels  of  HF  or  DF  chemical 
lasers. 

C.  ROT  ATIONAL-TO-  ROTATIONAL-  TRANSLATIONAL 

ENERGY  TRANSFER 

The  rate  coefficients  for  rotational  relaxation  by  R -►  T energy  transfer 
from  highly  rotationally  excited  HF  molecules  were  found^'  to  decrease 

with  increasing  J.  This  decrease  is  expected,  since  an  increase  in  J is 
associated  with  an  increase  in  the  energy  spacings  between  rotational  levels. 
In  addition,  collisions  with  resonance  transfer  of  rotational  energy,  i.  e. , 

R — R'  energy  transfer,  play  an  important  role  in  rotational  deactivation. 

The  rotational  energy  given  up  by  one  HF  molecule  is  transferred  to  its 
partner  in  collision.  The  R -*■  (R',T)  energy-transfer  processes  in  HF  + HF 
or  DF  + DF  collisions  provide  the  drainage  necessary  for  the  rotational  non- 
equilibrium states  to  relax  to  their  thermal  distributions. 

The  rate  coefficients  for  rotational  relaxation  of  DF(vj  = 0,  = 5, 

10,  15,  and  20)  by  DF(v2  = 0,  J^)  molecules  are  shown  in  Figs.  1 through  4. 
Contributions  from  both  R R'  and  R -*■  T energy-transfer  processes  are 
included  in  these  rate  coefficients.  The  R T mechanism  with  AJ  = -1  is 


20 ->0.  20  + A 
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Figure  1.  Rate  Coefficients  for  R-  (R',  T)  Energy  Transfer 
DF(v  = 0,  J = 20)  by  DF(v,  = 0,  J-)  vs  lOVT 


cm  /(mole  sec) 
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the  main  mechanism  for  de-excitation  of  rotationally  excited  DF  species. 

At  low  J,  de- excitation  by  multiquantum  transitions  is  much  more  probable 
than  at  high  J.  As  shown  in  Fig.  2,  at  J = 20,  rotational  deactivation  by 
AJ  = -2  is  almost  one  order  of  magnitude  smaller  than  rotational  deactiva- 
tion byAJ  = -1.  As  shown  in  Fig.  3,  rotational  deactivation  by  A J = -3  is 
about  20  times  smaller  than  rotational  deactivation  byAJ  = -1.  At  J = 5, 
rotational  deactivation  by  A J = -2  is  only  three  times  smaller  than  rotational 
deactivation  by  AJ  = -1.  From  these  examples  and  the  plots  in  Figs.  2 
ii  through  5,  it  is  clear  that  multiquantum  rotational  transitions  are  much  more 

[j  probable  from  low  J- states  than  from  the  high  J- states.  The  total  rate  co- 

[i  efficients  for  de-excitation  of  rotationally  excited  DF(v  =0,  J = 5,  10,  15, 

I I 

i and  20)  by  DF(v2  = 0,  J2)  molecules  are  shown  in  Fig.  5.  These  curves  show 

that  rate  coefficients  for  rotational  deactivation  from  the  high  J-levels  are 

much  smaller  than  those  for  deactivation  from  the  low  J-levels.  These 

results  are  in  agreement  with  those  reported  by  Polanyi  and  Woodall  and 
17 

Ding  and  Polanyi,  who  showed  for  hydrogen  halides  that  the  probability  of 
* rotational  deactivation  decreases  with  increasing  rotational  quantum  number 

J.  The  tendency  for  the  high  J-levels  to  relax  less  rapidly  than  the  lower 
! J-levels  is  a consequence  of  the  large  spacings  between  adjacent  rotational 

states  of  high  J.  These  calculations  indicate  that  a nonequilibrium  rotational 
' distribution  is  to  be  expected  at  high  J-levels,  since  at  high  J-levels  the 

rotational  level  spacings  become  so  large  that  a few  collisions  can  no  longer 
induce  rotational  relaxation  byAJ  = -1  transitions.  At  present,  there  are  no 
experimental  measurements  on  rotational  relaxation  in  DF(v)  + DF  collisions 
with  which  these  theoretical  calculations  can  be  compared.  The  present 
R (R' , T)  rate  coefficients  should  prove  to  be  useful  kinetic  data  in  com- 
puter programs  that  attempt  to  model  rotational  nonequilibrium  in  DF 
chemical  lasers. 

D.  VIBRATIONAL  RELAXATION  OF  DF(v^  = 1)  BY  DF(v2  = 0) 

The  detailed  rate  coefficients  for  the  v R energy-transfer  processes 
listed  in  Table  I,  together  with  the  R -►  (R',T)  rate  coefficients  presented  in 


Figs.  1 through  5,  are  used  in  a rotational  nonequilibrium  model  to  calculate 
temperature-dependent  quenching -rate  coefficients  for  DF(Vj  = 1)  + DFIv^  = 0) 
collisions.  A description  of  this  rotational  nonequilibrium  model  has  been 
given  previously  by  Wilkins  and  Kwok*  and  will  not  be  repeated  here.  In 
Fig.  6,  the  results  are  shown  to  be  in  good  agreement  with  measured  relaxa- 
tion rates.  Pt  is  larger  for  DF(v^  = 1)  + DF  collisions  than  for 

HF(v^  = 1)  + HF  collisions.  This  means  that  v -*  R transfer  occurs  more 
rapidly  in  HF(v^  = 1)  + HF  collisions  than  in  DF(v^  = 1)  + DF  collisions. 
Because  of  its  smaller  moment  of  inertia,  HF  can  more  easily  absorb  energy 
as  rotation  than  DF.  This  model  gives  a ratio  of 
which  is  in  good  agreement  with  the  experimental  ratio  of  2.  3. 


R.  L..  \vilkins  and  M.  A.  Kwok,  "Temperature  Dependence  of  Hydrogen 
Fluoride  Vibrational  Relation"  (to  be  published). 
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THE  IVAN  A.  GETTING  LABORATORIES 

The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver*> 
satility  and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel* 
opments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics*  heat  trans> 
fer,  reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high>power  gas  lasers. 

Chemistry  and  Physics  Laboratory;  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  s,peciea  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory;  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue -induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory;  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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